A mutant of Aspergillus niger unable to grow on D-XylOSe and L-arabinose has been isolated. Genetic analysis revealed that the mutation is located on linkage group IV. Enzymic analysis revealed a deficiency in D-XylUlOSe kinase activity. After transfer of growing mycelium to a medium containing either D-xylose or L-arabinose, the mutant accumulates large amounts of arabitol and xylitol, as shown by I3C NMR spectroscopy. These data and an analysis of enzyme activities induced by D-XylOSe and L-arabinose in the wild-type strain led to the following catabolic pathway for D-xylose :
The reduction steps of the sugars to the corresponding polyols are all NADPH dependent. The oxidation steps of the polyols to the sugars are all NAD+ dependent. Fractionation of cell-free extracts gave information about the specificity of the enzymes and showed that all the reactions are catalysed by different enzymes.
I N T R O D U C T I O N
Pentose metabolism in filamentous fungi has received little attention since the early reports on this subject by Chiang and coworkers (Chiang et al., 1958; Chiang & Knight, 1959 , 1960a , b, 1961 . Later, Hankinson (1974) studied, in Aspergillus nidulans, two classes of mutants,pppA and pppB, which were disturbed in the pentose phosphate pathway. These mutants showed no or decreased growth on D-xylose and L-arabinose. D-Xylose metabolism has been studied intensively in yeasts, especially in relation to the production of ethanol under anaerobic conditions (Jeffries, 1985) . L-Arabinose catabolism, however, has received little attention.
Most organisms convert both D-xylose and L-arabinose to D-xylulose 5-phosphate, although different pathways are used by different organisms. A remarkable difference between bacteria and most fungi is the way in which they convert D-xylose to D-xylulose. Bacteria usually use an isomerase, whereas fungi reduce D-XylOSe to xylitol which is subsequently oxidized to D-XylUlOSe (Jeffries, 1983) . For L-arabinose breakdown several pathways have been described. The reduction-oxidation pathway described for Penicillium chrysogenum by Chiang & Knight (1961) contains the following steps : an NADPH-dependent reduction to L-arabitol, oxidation to Lxylulose (NAD+), reduction to xylitol (NADPH) and oxidation to D-xylulose (NAD+). The principle of this catabolic sequence is comparable to the D-xylose pathway found in fungi (Chiang & Knight, 1960b) .
Aspergillus niger grows well on pentose substrates and it can also hydrolyse polymers, such as hemicellulose, which contain these sugars. Pentoses are presumably important substrates for this fungus, and since for Aspergillus little information is available on this subject, this study on catabolism of L-arabinose and D-XylOSe was initiated.
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Boehringer Mannheim. Other chemicals were from Merck. Sephadex G25 and the Mono Q column were obtained from Pharmacia. Matrex Red A was from Amicon.
Isolation of the mutant and genetic mapping of the mutation. The parental strain used in this investigation was an auxotrophic and morphological mutant, N423, derived from Aspergillus niger N400 . The markers of mutant N423 are short conidiophores (cspAl) and a nicotinamide deficiency (nicA1) (Bos et al., 1988) .
Further mutations were induced by UV treatment of strain N423. A suspension of conidia (lo7 ml-I) in a Petri dish was irradiated for 2 min with 2 pJ mm-, s-l, resulting in 93% survival (Bos, 1987) . A filtration enrichment procedure was employed, essentially as described by Uitzetter et al. (1986) , using 10 ml of the irradiated conidia and 40 ml minimal medium, with xylitol as carbon source and supplemented with nicotinamide (1 mg 1-I). The conidial suspension was incubated at 30 "C in a rotary shaker. The filtration and refreshment of the medium was carried out twice a day and the enrichment procedure was continued over 96 h, after which time 3 x lo4 conidia were left. The conidia were rescued on complete medium with glucose as carbon source and grown for 48 h at 30 "C. The colonies obtained were tested on minimal medium supplemented with nicotinamide and different carbon sources : glucose, gluconic acid, acetic acid, D-xylose and L-arabinose. Mutants which showed defective growth on xylose were purified for further analyses.
The linkage group of the mutation was determined by somatic recombination with a tester strain (N655; Bos et al., 1988) carrying a colour marker and auxotrophic markers on different linkage groups, viz. fwnA1 (I); hisD4 (11); lysA7, 6ioAl (111); leuAl (IV); metBl (V); pabA1 (VI). Isolation of diploids and haploidization was performed according to Bos et al. (1988) . Segregants were analysed for genetic markers and the linkage of the mutation with the markers of the tester strain was determined.
Media and growth conditions. Minimal medium contains, per litre: 1.5 g KH2P04, 0.5 g KC1, 0. Pontecorvo et al. (1953) except that glucose was replaced by 2% (w/v) sucrose.
Mycelium was grown in Erlenmeyer flasks containing 300 ml medium and incubated in a New Brunswick rotary shaker for 24 h at 280 r.p.m. and 30 "C.
To permit measurements of pentose-catabolism-related enzyme activities in the pentose mutant N572, this strain was grown on minimal medium with sucrose for about 24 h and subsequently transferred to minimal medium containing either L-arabinose or D-xylose for 16 h to induce the pentose-catabolism-related activities. The same procedure was used to grow mycelium for the NMR measurements.
Growth tests were performed on Petri dishes containing minimal medium, 1.5 % (w/v) agar and 50 mM of one of the carbon sources.
Preparation of mycelium for NMR measurements. NMR sample preparation and NMR measurements were done as previously described (Dijkema et al., 1985) .
Preparation of cellfree extracts. Mycelium was harvested by filtration, washed with 0435% NaCl and frozen in liquld nitrogen. The frozen mycelium was disrupted in a Braun dismembrator and subsequently suspended in extraction buffer (20 mM-Bis-Tris pH 6.5,5 mM MgC12, 1 mM-P-mercaptoethanol). After 1 h the homogenate was centrifuged at 10000 g for 10 min. Low-molecular-mass compounds were removed from the supernatant by passage through a 15 ml Sephadex G25 column. This preparation was used for enzyme assays and fractionation experiments.
Fractionation of cell-free extract. A 1 ml portion of cell-free extract purified over a Sephadex G25 column was fractionated on a FPLC Mono Q column using a gradient of 0-0.5 M-NaCl in 20 mM-Bis-Tris pH 6~5~5 rn~-MgCl, and 1 mM-P-mercaptoethanol.
Enzyme assays. Enzyme activities were measured at 25 "C on an Aminco DW-2 spectrophotometer in the dualwavelength mode, measuring A340-A380. A value of 5-33 mM-' cm-' was used for the absorption coefficient of NAD(P)H.
Enzyme assays were performed in a 1 ml volume. The assay mixtures for the enzymes were as follows. Pentitol dehydrogenases -100 mwglycine buffer pH 9.6, 0.4 mM-NAD(P)+, 100 mM-xylitol, L-arabitol, D-arabitol or ribitol; pentose reductases (EC 1.1.1.21) -50 mw-sodium phosphate buffer pH 6.5, 0-2 mM-NAD(P)H, 100 mM-L-arabinose or D-xylose ; pentulose reductases were assayed as the pentose reductases with 5 mM-D-xylulose, Lxylulose or D-ribulose; D-xylulose kinase (EC 2.7.1.17) -250 mM-glycylglycine pH 7.4, 5 mM-MgSO,, 0.2 mM-NADH, 1 unit pyruvate kinase, 3 units lactate dehydrogenase, 1.5 mM-phosphoenolpyruvate, 5 mM-D-xylulose, 1 mM-ATP. Glucose-6-phosphate dehydrogenase (EC 1.1.1.49), 6-phosphogluconate dehydrogenase (EC 1.1.1.44) and fructose-l,6-bisphosphatase (EC 3.1.3.1 1) were measured as described by Bruinenberg et al. (19836) . DXylulose-5-phosphate phosphoketolase (EC 4.1.2.9) was measured by the two methods described by Evans & Ratledge (1984) . D-Xylose isomerase (EC 5.3.1.5) was determined as described by Callens et al. (1986) . To enable measurement of D-xylulose kinase in crude cell free extract we either fractionated the mycelium on an FPLC Mono Q column (for analysis of the mutant) or partially purified the extract by passing 1 ml over a 0.3 ml Matrex Red A affinity column, which resulted in removal of most of the Dxylulose reductase activity, thus enabling the kinase assay to be performed. The last method was used for the data shown in Table 1 .
Analytical methods. Protein concentration was estimated, after denaturation and precipitation of protein with sodium deoxycholate and trichloroacetic acid (Bensadoun & Weinstein, 1976) , by the microbiuret method (Itzhaki & Gill, 1964) , using bovine serum albumin as standard.
RESULTS
Isolation and mapping of the mutant After the filtration enrichment 420 colonies were rescued. Screening of these colonies revealed only three mutants : one pentose-negative mutant (N572) and two auxotrophic mutants. The mutation in the pentose-negative mutant is denoted xkiA1.
Upon haploidization of a diploid obtained from a heterokaryon of N572 and N655, 130 segregants were analysed. The frequency of recombination between xkiA 1 and leuA 1 was 20.0%, whereas this frequency with all the other markers varied between 45% and 60%. Therefore the xkiA1 mutation is located on linkage group IV. The recombination between markers known to be located on one linkage group was 10.0% for bioAl and lysA7 (linkage group 111) and 5.4% for nicAl and rnetBl (linkage group V). These data demonstrate the high frequency of mitotic recombination in A. niger relative to A. nidulans.
Growth characteristics
The growth of strain N423 and the pentose mutant N572 on a range of carbon sources was compared. The mutant did not grow at all on D-XylOSe, L-arabinose or xylitol; the slight growth which A. niger normally shows on agar medium without carbon source is prevented in the mutant by these compounds. The parental strain grew well on these three substrates. On the other pentoses and pentitols tested (D-arabinose, D-ribose, L-arabitol, D-arabitol and ribitol), the parental strain grew weakly, and the mutant very weakly. Thus the effect of the mutation on growth was more severe on good substrates. The xkiA mutant grew normally on substrates other than pentoses (D-glucose, acetate, D-gluconate, D-galaCtUrOnate, D-glucuronate, meso-inositol). The utilization of nitrogen sources, including nitrate, was the same in the mutant and the parental strain.
Polyol accumulation in the xkiAI mutant and its parent Information on the in vivo effect of a mutation can be derived from the accumulation patterns of metabolites. In vivo 13C NMR spectroscopy is a useful tool for such measurements. We used this technique to study metabolite accumulation in the parental strain N423 and the pentose mutant N572, both grown for 24 h on minimal medium with sucrose and subsequently transferred for 16 h to minimal medium with D-xylose or L-arabinose. The results are shown in Fig. 1 . Only that part of the spectrum in which the polyol resonances are visible is shown. The resonance positions of erythritol, mannitol and arabitol are as described by Dijkema et al. (1985) ; xylitol shows resonances at 63.6 (Cl and C5), 71.9 (C3) and 72.9 (C2 and C4) p.p.m. The 24 h cultures of both strains grown on sucrose showed the usual metabolite accumulation pattern for A . niger, namely high levels of mannitol and erythritol. Growth of N572 on sucrose is normal and no difference between the mutant and the parent was seen in these spectra (Fig. 1, A and B) . Transfer of these sucrose-grown mycelia to media containing D-xylose or L-arabinose followed by 16 h incubation resulted in large differences between parent and mutant. On D-xylose the parent accumulated, in comparable amounts, the same polyols as observed on sucrose (Fig. 1,  C) . Transfer to L-arabinose resulted in accumulation of arabitol and xylitol as well as mannitol and erythritol (Fig. 1, E) . The erythritol resonances coincide with two of the xylitol resonances. Integration of the spectrum showed that the relative amounts of arabitol and xylitol were approximately 3 : 1. Transfer of mutant mycelium to either D-xylose or L-arabinose resulted in accumulation of,about equal amounts of arabitol and xylitol (Fig. 1, D and F) . The polyols mannitol and erythritol had been metabolized by the mycelium because no external carbon source was available. The strong similarity between the mutant spectra on L-arabinose and D-xylose indicates a connection between the two catabolic pathways prior to the step affected by the mutation. Since it is impossible to discriminate between L-arabitol and D-arabitol with 13C NMR we do not know which isomer of arabitol is accumulated in the mycelium.
Determination 0 f D-xyh/ose kinase dejiciency
In crude cell-free extracts it was impossible to measure D-xylulose kinase activity with the pyruvate kinase/lactate dehydrogenase coupled assay because of high N ADH-dependent Dxylulose reductase and ATPase activities. These interfering activities were separated from the kinase activity by fractionation of the cell-free extract on an FPLC Mono Q column. The elution of the D-xylulose kinase activity from the column is shown in Fig. 2 (a) . At the position where in N423 extracts D-xylulose kinase eluted, only a residual activity (< 5% of the parental value) was found in extracts of N572. Other enzyme activities of the pentose catabolic pathway were found at normal or even higher levels in mutant mycelium compared to induced parental mycelium (data not shown). Thus induction of the pathway did take place in the mutant with the procedure we used. In all other fractions no D-XylUlOSe kinase activity was found (data not shown). This proves that N572 is a D-xylUlOSe kinase mutant.
Induction of enzymes spec@ to the D-XylOSe and L-arabinose pathways
We measured the activities of a number of relevant enzymes to establish the catabolic pathways which A . niger utilizes to degrade pentow. In addition, the activities of glucose-6-phosphate dehydrogenase, 6-p hosp hogluconate de hydrogenase and fructose-1,6-bisp hosp hatase were measured to see whether the hexose monophosphate pathway is involved in the regeneration of NADPH needed for the pentose reduction. The pentose-related enzyme activities (Table 1) were found to be dependent on the age of the mycelium, showing a gradual decrease with time. However, the relative values were comparable. The activities for D-XylUlOSe kinase could not be determined accurately. The partial purification on a Matrex Red A column may have caused some loss of activity, and the high background activities, even after partial purification, decreased the precision of the measurement.
In agreement with the catabolic pathway described for Penicillium chrysogenurn by Chiang & Knight ( (Table 1) . However, besides these expected activities we measured a few activities which are not involved in the catabolic pathway described by Chiang & Knight (1961) . In the first place, relatively large amounts of NAD+-dependent ri bitol dehydrogenase and D-ribulose reductase were found, especially in L-arabinose-grown mycelium. To find out whether this was due to lack of specificity of one of the enzymes or to induction of other enzymes, we fractionated a cell free extract of L-arabinosegrown mycelium (Fig. 2b) . A protein binding weakly to the Mono Q column contained NAD+-dependent xylitol and ribitol dehydrogenase activity (relative activity of xylitol : ribitol 1 : 0.43). The second activity peak showed NAD+-dependent L-arabitol, xylitol and ribitol dehydrogenase activity (1 : 0.35 : 0.8, respectively). NADH-dependent L-xylulose and D-xylulose reduction was measured in this second activity peak. The first activity was also found in Dxylose-grown mycelium, whereas the second could only be measured in L-arabinose-grown mycelium. These data prove that the high ribitol dehydrogenase activity is due to lack of specificity of both the L-arabitol and xylitol dehydrogenases.
A second observation that needs further explanation is the induction of D-ribose reductase and L-arabinose reductase on D-xylose and the induction of D-ribose reductase and D-xylose reductase on L-arabinose ( Table 1) . These data suggest that there are at least two enzymes involved which might have a broad substrate spectrum. To investigate the properties of pentose reductases in D-xylOSe-and L-arabinose-grown mycelium we separated the activities on a FPLC Mono Q column (Fig. 3) . The results show that two different enzymes exist which elute very close to each other. The first is induced in particular by D-xylose and is relatively nonspecific. From these and other data wq estimated a relative activity for this general pentose reductase towards D-xylose, L-arabinose and D-ribose of 1 : 0.78 : 0-66, respectively. This enzyme is also found in L-arabinose-grown mycelium, together with an L-arabinose reductase with a relatively high specificity towards L-arabinose. The relative activity of this latter enzyme towards Dxylose, L-arabinose and D-ribose was estimated to be 0-2 : 1 : 0.1, respectively. In later stages of growth on L-arabinose the activity of the general pentose reductase increased relative to the Larabinose reductase, giving about equal activities of both enzymes (data not shown). We have subsequently purified another L-arabinose-pathway-specific enzyme, the NADPH-dependent L-xylulose reductase. This enzyme is quite specific towards L-xylulose as substrate and is only induced by L-arabinose. The detailed results will be published elsewhere.
We conclude from the data presented here that all the steps in the two catabolic pathways are catalysed by different enzymes. We were not able to measure significant amounts of D-xylose isomerase, the enzyme catalysing the isomerization reaction between D-xylose and D-XylUlOSe.
Especially for growth on L-arabinose, large amounts of NADPH are required. We expected therefore that growth on L-arabinose would require increased activity of the pentose phosphate pathway. To test this hypothesis we measured fructose-l,6-bisphosphatase, glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase activities ( Table 2 ). The activities of the two dehydrogenases were much higher in mycelia grown on the two pentoses relative to glucose, suggesting an increased flux through the hexose monophosphate pathway.
Finally we investigated whether ~-xylulose-5-phosphate phosphoketolase was present, which would be able to convert xylulose Sphosphate, in a phosphoroclastic reaction, into acetylphosphate and glyceraldehyde 3-phosphate. We were not able to measure significant amounts of this enzyme. This makes it very likely that only the non-oxidative pentose phosphate pathway is involved in D-xylulose 5-phosphate conversion.
DISCUSSION
The mutant N572 is only defective in growth on pentoses or pentitols. Its growth is normal on other substrates, including those which are most probably catabolized by pathways which lead to the pentose phosphate pathway; this is regardless of the nitrogen source used. This indicates that the mutant is defective in a pentose-specific pathway rather than in the pentose phosphate pathway like the mutants described by Hankinson (1974) .
Chiang and coworkers proposed for Penicillium chrysogenurn a series of reduction and oxidation steps for the conversion of L-arabinose and D-xylose to D-xylulose, which is subsequently phosphorylated to D-xylulose 5-phosphate (Chiang & Knight, 1959 , 1961 . The phenotype of the mutant N572, the 3C NMR data and the enzyme activity measurements show that this pathway is also used by A . niger. Chiang & Knight (1961) assumed that D-xylose and L-arabinose are reduced by a single NADPH-dependent enzyme and also that L-arabitol and xylitol oxidation is catalysed by a single ejzyme. Our data clearly show that this is not the case in A . niger. Every catabolic step is catalysed by a separate enzyme, although some of the enzymes show a broad substrate specificity and may, in part, take over each other's function. For example, the general pentose reductase, the enzyme catalysing D-XylOSe reduction, also has a high L-arabinose reductase activity and is present in large amounts during growth on L-arabinose, especially in the later st ages.
The induction of the dehydrogenases of the pathway and the lack of xylose isomerase activity confirm the assumption that the isomerase reaction does not play a role in most fungi (Jeffries, 1983) . Considering all the metabolic intermediates involved, one can conclude that all the enzymes necessary for growth on D-XylOSe are also involved in L-arabinose catabolism. However, the reverse is not true. This has some implications for the kind of mutants one might expect to find, using the filtration enrichment method as we did. A mutant growing on Larabinose and not growing on D-XylOSe cannot be obtained. Our method to isolate a mutant unable to grow on xylitol logically resulted in the isolation of a D-xylulose kinase mutant. The other possibility, a xylitol dehydrogenase mutant, is not likely to be found, since the conversion of xylitol to D-xylulose is also catalysed by L-arabitol dehydrogenase. This activity is probably sufficient to enable some growth and prevent selection by the filtration enrichment method. The strong correlation between the two catabolic pathways has already been described by Barnett (1976) , who studied the growth of a large number of yeasts on several substrates.
There are a few other examples in the literature of fungal mutants in D-xylose metabolism. Maleszka et al. (1983) described a xylitol dehydrogenase mutant in Pachysolen tannophilus, unable to grown on D-XylOSe and xylitol. This proves that in this organism no isomerase is involved. McCracken & Gong (1983) isolated a number of mutants in a Candida sp. with abnormal product formation from D-xylose. One mutant, showing higher D-XylOSe conversion, lower xylitol formation and increased ethanol production under aerobic conditions, was characterized more extensively. Higher levels of xylitol dehydrogenase and D-XylUlOSe kinase were found in this mutant. This is an indication that the xylitol dehydrogenase and D-xylulose kinase levels are rate-limiting in the parental strain.
Since the reduction steps all use NADPH and the oxidation steps NAD+ as cofactor there is a large need for NADPH, especially during growth on L-arabinose. Calculations by Bruinenberg et al. (1983a) of the total need of the yeast cell for NADPH on different substrates illustrate this very well. The induction of both glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase by growth on pentoses (Table 2) suggests that the oxidative pentose phosphate pathway supplies this NADPH as it does in yeast (Bruinenberg et al., 1983b) .
For the final conversion of D-xylulose 5-phosphate there are two possibilities. The first is formation of fructose 6-phosphate and glyceraldehyde 3-phosphate by the enzymes of the nonoxidative pentose phosphate pathway. The second is phosphoketolase-catalysed conversion to acetylphosphate and glyceraldehyde 3-phosphate. The latter reaction is known to occur in, for example, Lactobacillusplantarum (Heath et al., 1958) and is claimed to play an important role in some yeasts (Evans & Ratledge, 1984) . We were not able, however, to detect significant phosphoketolase activity. Therefore the most likely pathway in A. niger is the pentose phosphate pathway.
The sequence of four alternating reduction and oxidation steps in L-arabinose catabolism with the thermodynamic equilibrium far in the direction of the polyols is potentially a rate-limiting factor in the catabolic sequence. The fact that the pentitols of the pathway are visible in the 3C NMR spectra of wild-type mycelium grown on L-arabinose confirms that a considerable accumulation of arabitol, in particular, is necessary to obtain a forward flux. The cofactor use of the enzymes involved stimulates the flux in the direction of D-xylulose, assuming that the anabolic reduction charge [ARC = NADPH/(NADP+ + NADPH)] is larger than the catabolic reduction charge [CRC = NADH/(NAD+ + NADH)]. It is not possible to determine the real cofactor levels in the cytoplasm because different compartments are present and unknown proportions of the pyridine nucleotides are bound to enzymes. However, total concentrations have been measured in several organisms and these results are in agreement with the above statement (Fuhrer et al., 1980; Voordouw et al., 1983; Gancedo & Gancedo, 1973; Saez & Lagunas, 1976) . The values measured for A. niger as determined by Fuhrer et al. (1980) are ARC = 0.37 and CRC = 0.1. Apart from consequences due to the specific cofactor use as discussed above, the extra-high level of the D-xylulose kinase in L-arabinose-grown mycelium (Table 1) would stimulate the flux through the pathway as well.
